An in vivo test system was developed to study group II Intron splicing in higher plant chloroplasts. The chimeric reporter gene uldA* was constructed by translatlonal fusion of an intron-containlng segment of the plastld a/pFgene with the coding region of a plastld uldA reporter gene. The chimeric uldA* gene was inserted into the tobacco plastid genome by the biollstlc transformation procedure using a plastid targeting vector. Correct intron excision was confirmed by Northern blot analysis, by sequencing amplified cDNAs and by accumulation of the encoded fi-glucuronldase (GUS), the expression of which was dependent on intron removal. Removal of the intron from the u/dA*mRNA is less efficient (<50%) than from the atpF mRNA (>90%). The efficiency of atpF mRNA splicing is not affected in the plastid transformants Indicating that inefficient splicing of the highlyexpressed uldA* mRNA is not due to depletion of factors) required for the atpF intron removal. A derivative of uldA*, with a stop codon introduced into the loop of domain VI, was also tested. The mutations did not affect the splicing efficiency. The chimeric uidA* splicing system will facilitate the study of structural and sequence requirements for group II Intron splicing in plastids of higher plants.
INTRODUCTION
Group II introns have been found to interrupt reading frames in fungal and plant mitochondria, in plastids (1) and in bacteria (2) . They fold into a characteristic, evolutionarily conserved secondary structure, typically consisting of six stem-loop domains. Spliceosomal intron removal in the eukaryotic nucleus and group II intron splicing share some common features suggesting a possible evolutionary relationship between these two splicing types (3) . While a ribonucleoprotein complex directs splicing of nuclear introns, some of the group II introns exhibit self-splicing activity in vitro (4) (5) (6) . However, in vitro self-splicing does not necessarily imply in vivo self-splicing as shown by the existence of nuclear mutations which prevent splicing of fungal mitochondrial introns known to self-splice in vitro (7) . At least for rra/u-splicing of group II introns in Chlamydomonas chloroplasts, additional nuclear-encoded factors appear to be necessary for intron excision in vivo (8) . It is currently unknown whether cw-splicing in higher plant plastids involves additional general or intron-specific splicing factors. The dependence of rpl2 splicing on plastid translation in barley suggests the involvement of a (plastid-encoded) protein factor in rpl2 intron excision (9) . These protein factors appear to be intron-specific implying the existence of pre-mRNA-specific cis-elements for recognition by the splicing factors. Due to the lack of an in vitro system for plant chloroplast mRNA splicing only little is known about the specificities of the plastid splicing apparatus.
Using biolistic transformation technology (10,11) we have developed a system for studying the splicing of plastid group II introns in vivo. The atpF intron was chosen for the study for practical reasons. Since this intron is one of the smallest in the tobacco plastid genome, we could minimize the probability of unwanted homologous recombination between the transgene intron and the endogenous atpF intron. Insertion of the atpF intron into a chimeric plastid uidA gene made the expression of the P-glucuronidase reporter enzyme dependent on correct splicing. Accurate excision of the intron was observed in transgenic tobacco plastids. This in vivo reporter gene system will facilitate the study of group II intron splicing in plastids.
MATERIALS AND METHODS

Vector construction
The tobacco plastid DNA (ptDNA) region containing the atpF intron was cloned as a 2.7 kb Smal-Spel fragment (sites at nucleotide positions 11 744/14473; ref. 12) into a Bluescript KS + vector (Stratagene). Subsequently, restriction sites were introduced into the atpF exon by site-directed mutagenesis using the synthetic oligonucleotide PF1 to create an Nco\ site 30 nt 5' of the intron, and PF2 to create a Stu\ site 32 nt 3' of the intron (Fig. 1A  and B A stop codon introduced as part of a diagnostic Dral site was integrated into the loop of domain VI of the atpF intron by mutagenesis using the oligonucleotide PF3 to yield plasmid pRB24. The intron-containing uidA genes were subsequently excised as Sacl-HindlU fragments and ligated into the plastid targeting vector pPRV 111A (13) .
Plastid transformation and regeneration of transplastomic lines
In general, procedures described in reference 10 were used. Briefly, tobacco plants {Nicotiana tabacum cv. Petit Havana) were grown under aseptic conditions on agar-solidified MS medium (14) containing 30 g/1 sucrose. For plastid transformation, young leaves were bombarded with plasmid DNA-coated tungsten particles using the DuPont PDSlOOOHe biolistic gun (11, 15) . Spectinomycin resistant shoots were selected on RMOP regeneration medium containing 500 mg/1 spectinomycin dihydrochloride. Plastid transformants were identified by incubation of tissue samples on RMOP medium containing spectinomycin and streptomycin (500 mg/1 each; ref. 10). Resistant leaf segments form green calli whereas the sensitive segments bleach on this medium. Resistant clones were subjected to a second round of regeneration to obtain homoplasmic tissue. Plastid transformation was verified by DNA gel blot analysis. Plants with a uniformly transformed ptDNA population were rooted on MS medium containing sucrose (30 g/1).
Isolation of nucleic acids
Total cellular DNA was isolated from leaf samples (16) . Total cellular RNA was extracted using the TRIzol reagent (Gibco-BRL) following the protocol of the manufacturer. The RNA substrate for reverse transcription reactions was obtained by treatment of the isolated RNA with proteinase K and DNase I (17) .
RNA gel blot analysis
RNA was electrophoresed on formaldehyde-containing 1.5% agarose gels and transferred to nylon membranes (Amersham) using the PosiBlot Transfer apparatus (Stratagene). Hybridization was carried out at 65 C C in Rapid Hybridization Buffer (Amersham) using [ 32 P]dCTP labeled probes generated by random priming (Boehringer Mannheim).
cDNA synthesis and PCR amplification
Proteinase K and DNase I treated RNA was reverse transcribed (17) . DNA and cDNA were amplified according to standard protocols (1 minat92°C, 1.5 min at 58°C, 1.5 min at 72°C, 30 cycles). The amplification primer PF4 is derived from the 3' end of exon I of the plastid atpF gene, primer PG1 is derived from the uidA coding region.
DNA sequencing
The amplification products were separated in 2% agarose gels and purified using the Geneclean II kit (BIO 101 Inc., La Jolla). Direct sequencing of the linear templates was performed as described (18) using the Sequenase kit (USB) and the detergent NP-40 (Sigma). The sequencing primer PG2 is based on sequence in the 5'-portion of the uidA gene.
fl-glucuronidase assays
Plastid transformants were tested for GUS activity by a histochemical assay using 5-rjromo-4-chloro-3-indolyl-P-r>glucoronide (X-gluc; Jersey Lab Supply) as substrate (19) .
Oligonucleo tides
PF1 5'-CAATAAATCTAAGTGTAGTGCCCATGGTATTGA- TTTTTTTTGGAAAGG-3' PF2 5'-GATAATCGAAAACAGAGGCCTTTGAATACTATT- CGAAATTC-3' PF3 5'-GGAATTTTGGAAAGGAATTTTAAAATAATCTAC- TTTCATTAAG-3' PF4 5'-GATTTTTTTTGGAAAGGGAG-3' PG1 5'-CCCGGCGGGATAGTCTGC-3' PG2 5'-TGATTTCACGGGTTGGGGTT-3'
RESULTS AND DISCUSSION
The chimeric intron-containing reporter gene uidA* was constructed by translational fusion of an intron-containing segment of the plastid atpF gene with the coding region of a uidA gene (Fig. 1) . The atpF gene segment contains 30 nt of the upstream exon and 32 nt of the downstream exon, thought to be sufficient to direct splicing of group II introns (19) . The uidA* coding region is transcribed from Prm, a derivative of the plastid rRNA operon promoter. The chimeric mRNA is stabilized with the 3'-untranslated region of the plastid rpsl6 ribosomal protein gene. The uidA * gene with the wild-type atpF intron is carried in plasmid pRB23.
Translation from an internal in-frame initiation codon within the wild-type intron could theoretically yield enzymatically active GUS. To ensure dependence of GUS expression on intron removal, an in-frame termination codon was introduced into the loop of the 3' domain of the intron (domain VI; Fig. 1C ). The uidA * gene with the mutant intron is carried in plasmid pRB24.
Both uidA * genes were cloned into the plastid targeting vector pPRVlllA (13) . The transforming DNA was introduced into tobacco plastids on the surface of microscopic tungsten particles. The plastid transformants were selected by spectinomycin resistance conferred by the aadA marker gene in the vector, and purified to homoplasmy as verified by DNA gel blot analysis (data not shown).
Splicing of uidA * mRNA was tested by RNA gel blot analysis. Hybridization with a uidA coding region probe detects a major 2.8 kb RNA species that corresponds in size to the unspliced transcript and an additional 2.1 kb species that corresponds to the spliced mRNA (<50%; Fig. 2A ). PCR amplification of cDNA confirmed the presence of the same two RNA species (Fig. 2B) . The relative signal intensity corresponding to the spliced mRNA is higher in the PCR analysis than in the Northern blot experiment owing to the selective advantage of smaller molecules in a PCR amplification. (Fig. 2C) .
The splicing efficiency is not affected by the changes introduced into the loop of domain VI since the ratio of spliced versus unspliced mRNA is identical for the Nt-pRB23 and the Nt-pRB24 transformed lines. Domain VI has been shown to interact with domain V in the self-splicing COXI intron from yeast mitochondria and appears to be involved in the reactions at the 3' splice site (21) . However, the sequence of the loop of domain VI seems to Figure 2 . The atpF intron is correctly spliced from the uidA* transcripts in plastids. Data are shown for Nt-pRB23-7 and Nt-pRB24-10 plants transformed with uidA* genes carried in plasmids pRB23 and pRB24, respectively. (A) RNA gel blot to detect uidA* transcripts with a uidA coding region probe. Note spliced (2.1 kb) and unspliced (2.8 kb) mRNAs in plastid transformants. Minor RNA species were not characterized. (B) PCR analysis confirms splicing of uidA* introns. DNA and cDNA were amplified using the PF4 and PG1 primers. Amplification of cDNA gives rise to two products: a 1183 bp fragment derived from unspliced mRNAs and a 487 bp product derived from spliced mRNAs. (C) Sequence analysis of cDNAs derived from spliced and unspliced uidA* mRNAs. Eluted PCR products were directly sequenced using primer PG2. Note correct intron excision (Fig. 1B) . (data not shown). Both GUS expression and spectinomycin resistance are maternally inherited in crosses thus confirming the plastid localization of die transgenes. The chimeric uidA * genes described here should prove useful to determine the specific structural and sequence requirements for plastid group II intron splicing in vivo since both splicing accuracy and efficiency can be directly monitored by GUS activity. Figure 3 . RNA gel blot to test splicing of the atpF mRNA in wild-type and transformed plastids. The blot was hybridized with a probe derived from the atpF coding region. The 1_5 kb transcript spans the spliced atpF and the atpH reading frames; the 2.3 kb transcript contains the same two reading frames, with the atpF unspliced (22) . Note that the atpF intron is efficiendy spliced in both wild-type and transformed plastids.
be tolerant to changes since the uidA * mRNAs with wild-type and mutant atpF introns are spliced with similar efficiencies.
Inefficient splicing of the uidA* mRNA could be due to a limiting amount of fra/w-acting splicing factors). If this were the case, the efficiency of atpF mRNA splicing would also be affected in the plastid transformants since the uidA* and atpF mRNAs should compete for the same factor(s). However, Northern blot analysis and quantitation of bands using a Phospholmager indicate that the splicing efficiency for the atpF mRNA is comparable and highly efficient (>90%) in both the wild-type and transplastomic chloroplasts (Fig. 3) . In addition, the plastid petB mRNA, also containing a cw-spliced group II intron, was tested. As expected, the petB splicing is not affected by the accumulation of the additional intron-containing (uidA *) transcripts (data not shown). The lower splicing efficiency of uidA * mRNA may indicate that exon sequences not included in the chimeric construct are required for efficient splicing in vivo.
To date no such distant element has been identified in a group II intron (1, 20) . Alternatively, the lower splicing efficiency could be caused by altered folding or secondary structure interactions in the chimeric mRNA.
Histochemical GUS staining of leaf tissue from transformed plants confirmed GUS accumulation from the accurately spliced mRNA indicating that the fusion protein is catalytically active
